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Abstract
Stem cells have the intrinsic ability to divide to form a stem cell daughter, while also retaining
the ability to self-renew. These qualities are critical, as improper stem cell maintenance is
implicit in aging and provokes diseases such as cancer. We previously revealed that during
Drosophila oogenesis, transcriptional silencing mediated by polar granule component (pgc)
alters the germ line cell cycle to promote germ line stem cell (GSC) differentiation. Our work
with pgc suggested that cell cycle regulation might be an important general mechanism to
facilitate division GSCs into daughter stem cells (or cystoblast, CBs), and differentiation of the
CB into a mature egg. Consequentially, we aimed to the test the hypothesis that differences in
global gene expression occur in each phase of the cell cycle in both GSCs and CBs to promote a
stem cell or CB fate, respectively. We marked and quantified the number of GSCs and CBs in
each phase of the cell cycle by harnessing the fluorescence ubiquitination cell cycle indicator
system (FUCCI) to label cells. Additionally, we successfully isolated FUCCI-labeled single cells
for subsequent separation by fluorescence activated cell sorting (FACS). Moreover, we
endeavored to isolate both GSCs and CBs in each phase of the cell cycle by FACS. Once
separated, we will perform genomic analyses on each cell type by RNA-seq to generate a
database of the cell cycle-dependent transcriptional landscape of differentiation. Thus, our work
provides an invaluable tool for future investigations that examine the mechanisms that regulate
stem cell fate.
Maternal deposition of mRNAs to the developing egg is critical to establish the future
generation’s developmental program. However, how these RNAs remain under strict
translational regulation remains elusive. Therefore, we asked how maternal RNAs are
continually repressed, using polar granule component (pgc) as a model system. Preliminary
results from our lab reveal that the pgc 5’UTR is required but not sufficient for suppressing Pgc
expression in the GSCs. On the other hand, pgc 3’UTR is required and sufficient to suppress its
translation throughout oogenesis. To determine cis and trans-acting factors that control pgc
translation, we previously carried out a phylogenetic analysis of its 3’UTR and identified
conserved binding sites for translational repressor Pumilio (Pum). We found that Pum binds to
the 3’UTR of pgc and together with its binding partners Nanos and Twin (CCR4 de-adenylase),
represses pgc translation only in GSCs. Here, we show that the NOT complex, recruited by
CCR4, also regulates Pgc expression in the GSCs and later stages of differentiation.
Interestingly, previous studies have shown that Me31B interacts with the CCR4-NOT complex
in the 3’ end and cap proteins in the 5’ end to suppress translation. As a result, we investigated if
Me31B is also regulating Pgc expression in the GSCs via this complex. Remarkably, we found
that loss of me31b in the germline upregulates Pgc expression in the GSCs and that pgc mRNA
associates with Me31b. Altogether our data elucidates that an intricate protein complex in the
GSCs bridges pgc’s 5’ and 3’UTR ends, masking it from translational machinery. We are
currently identifying if there is a network of germline mRNAs that could be similarly regulated
during Drosophila development.
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Introduction
Cell Cycle Control of Germline Stem Cell Gene Expression
Stem cells are a fascinating area of biomedical research, as improper differentiation or
maintenance of stem cells has been implicated in cancer and other degenerative diseases. In the
germ line, stem cell maintenance depends on many factors, including transcriptional silencing of
somatic genes, cell signals received from surrounding somatic tissue, and highly conserved RNA
regulatory mechanisms (Cinalli et al., 2008).
Drosophila Melanogaster remains a popular model organism to study germ line stem
cells (GSCs) due to the abundance of genetic tools available to manipulate gene expression.
GSCs are unipotent stem cells that give rise to gametes. These gametes have the potential to give
rise to an entirely new organism upon fertilization. Each female Drosophila fruit fly contains two
ovaries, each consisting of 16 structural units called ovarioles. At the anterior tip of each ovariole
lies a structure referred to as the germarium, which houses the GSCs (Lehmann R., 2012). GSCs
divide asymmetrically to give rise to a renewed stem cell and a stem cell daughter or cystoblast
(CB) that differentiates upon expression of bag of marbles (bam).
Following bam expression, the CB undergoes four incomplete mitotic divisions to
ultimately give rise to an egg. Moreover, the Drosophila germ line is encapsulated by somatic
cells, including escort cells, terminal filaments, and cap cells, all of which compromise the
somatic niche (Upadhyay et al., 2016). The somatic niche provides signaling to the germ line
such as decapentaplegic (DPP) signaling, the Drosophila BMP4 homolog, to promote GSC
maintenance (Chen, D., and Mckearin, D., 2003). Importantly, genetic overexpression of thick
veins receptor (tkv), the DPP receptor, enriches for GSCs, while loss of niche signaling causes
loss of germ line. Therefore, one can study GSCs in abundance by activating tkv using inducible
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genetic tools. In contrast, it is possible to enrich for the CB by exploiting mutations or
knockdowns in bam, which causes the CB to arrest and accumulate at an undifferentiated stem
cell daughter state.
It is known that germ cells maintain totipotency and immortality by repressing a somatic
fate. For instance, during their specification, failure to instill transcriptional silencing causes
germ cells to express somatic markers, leading to their death (Cinali et al., 2008). In Drosophila
embryogenesis, this transcriptional silencing is mediated by polar granule component (pgc).
However, we recently showed that during Drosophila oogenesis, transcriptional silencing
mediated by Pgc is also required for timely differentiation of GSCs into gametes (Flora et al.,
Under Revision). This transcriptional silencing occurs in the GSC daughter (CB), as evidenced
by expression of Pgc there. We identified cell cycle control as the primary target of this
transcriptional repression, with Pgc being expressed in early G2 of the CB. Stem cells are known
to have a specialized cell cycle for their specialized function; our results suggested that transient
transcriptional silencing promotes programming of GSCs away from self-renewal towards
differentiation by altering cell cycle.
The cell cycle is a cellular process characterized by growth during gap phase 1 (G1),
DNA replication during synthesis (S), further growth and preparation for division during gap
phase 2 (G2), and finally by division during mitosis (M), (Folette & O’Farell 1997). Excluding
M phase, the phases are collectively referred to as interphase. Importantly, transitioning between
the various phases requires regulation by various cell-cycle regulatory proteins called cyclins and
cyclin dependent kinases (CDKs). In the Drosophila germ line, cyclin E levels appear to be
expressed throughout the cell cycle and plays a cell-cycle independent role of modulating
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differentiation (Ables and Barbosa, 2013). In contrast, it is unknown whether cyclin A and B
play cell-cycle independent roles in the germ line.
Previous research has suggested cell cycle regulation may modulate stem cell
maintenance and differentiation (Ables and Barbosa, 2013 and Chen et el., 2009). For instance,
cyclin B mutants produce few differentiating germline cysts, while cyclin A and cyclin B
overexpression results in a 32 cell cyst phenotype—double the wild type 16 cell cyst
phenotype—suggesting that specific cell cycle regulators are required for germ line development
(Lin and Wang, 2005 and Lilly et al., 2000). Moreover, it has been shown that embryonic stem
cell cell fate decisions of self-renewal and pluripotency can be controlled by cell-cycle
machinery (Calder et al., 2013).
Despite extensive research on cell cycle, the relationship between transcriptional
regulation, cell cycle, and stem cell differentiation remains largely uncharacterized. Moreover,
the requirement for pgc-mediated transcriptional silencing suggested that GSCs and CBs have
asynchronous cell cycle programs that promote unique transcriptome profiles favoring either
self-renewal or differentiation. Here, we tested this hypothesis by charertizing the cell cycle
program of GSCs and CBs through immunohistochemistry and by using the fluorescence
ubiquitination cell cycle indicator system (FUCCI) (Zeilke et al., 2014) to label cells in their cell
cycle state. We successfully isolated FUCCI-labeled single cells for subsequent separation by
single cell isolation. Moreover, we endeavored to isolate both GSCs and CBs in each phase of
the cell cycle by FACS. Once separated, we aim to perform genomic analyses on each cell type
by RNA-seq to generate a database of the cell cycle-dependent transcriptional landscape of
differentiation, thereby providing an invaluable tool for future investigations that examine the
mechanisms that regulate stem cell fate.
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Translational Control of pgc
Post-transcriptional regulation is a conserved strategy to regulate gene expression during
development. In Drosophila zygotic transcription is absent until several cellular divisions. As a
result, maternally encoded messenger RNAs (mRNAs) must be translationally suppressed during
oogenesis to ensure proper development during the earliest stages of embryogenesis. The
Drosophila oocyte or egg is not specified until the CB differentiates and has undergone four
incomplete mitotic divisions to form a 16-cell cyst. Subsequently, this 16-cell cyst is surrounded
and engulfed by somatic follicle cells to form a multi-cellular compartment called the egg
chamber. One of these sixteen cells within the egg chamber acquires the oocyte fate and
undergoes meiosis, while the remaining fifteen cells take on the role of nurse cells. All the cells
in this egg chamber are connected via cytoplasmic bridges called ring canals. Throughout
oogenesis the egg chamber matures and is passed down the ovariole to ultimately form the
mature oocyte.
The nurse cells within the egg chambers actively transcribe and translate transcripts and
proteins, which are shuttled to the developing oocyte through the ring canals. This process is
essential for both the proper deposition of maternal transcripts, such as gurken (grk), oskar (osk)
and bicoid (bcd), and their localization. Premature transcription of critical developmental genes
at any stage of oogenesis is detrimental. Consequently, it is imperative to maintain a strict
balance between transcription and post-transcriptional regulation to ensure proper developmental
transition from oogenesis to embryogenesis. Therefore, understanding RNA regulation during
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oogenesis provides insight into the molecular and cellular mechanisms used to maintain balance
between these developmental processes .
Postranscriptional regulation during oogenesis is mediated by several RNA binding
proteins (RBPs) that recognize specific sequences in the untranslated regions (UTRs) of RNAs.
Pumilio (Pum) is an RBP that belongs to the conserved PUF domain family of proteins that
negatively regulate RNAs from plants to humans. During Drosophila embryogenesis, Pum
complexes with Nanos (Nos) and Twin, the Drosophila CCR4 deadenylase homolog, to suppress
cyclin B RNA in primordial germ cells by shortening the poly(A) tail length. This de-adenlyation
is mediated by the recruitment of the CCR4-NOT complex.
The CCR4–NOT complex is the predominant deadenylase in all-biological systems
(Temme et al., 2014). In Drosophila, The CCR4-NOT-complex subunits CCR4, POP2 (the
homolog to CAF1) and NOT1-3 are expressed throughout development, even before the
activation of the zygotic genome. It is known that that the CCR4-POP2 components repress
adenylated mRNAs. However, POP2 has been shown to repress translation in deadenylaseindependent manner through the 5-UTR (Cooke et al., 2010).
The DEAD box RNA helicase Me31B has been shown to mediate translational repression
of mRNAs by regulating them at their 5-UTRs. In specific, Me31B has been shown to enhance
de-capping by recruiting enzymes such as ge-1—the Drosophila homolog to enhancer of decapping 4 (EDC4), thereby promoting translational repression. For example, Me31B has been
shown to regulate Oskar levels but not localization during oogenesis (Lasko 2003). Moreover,
DDX6, the human Me31B homolog, has been shown to bind to the MIF4G domain of NOT1
(Chen et al., 2014; Mathys et al., 2014), suggesting the translational repressors can potentially
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form a complex those functions to block the 5’ and 3’ from translational machinery (Nakamura
et al., 2001).
One of the most abundant maternally deposited germline RNA that is transcribed during
oogenesis is polar granule component (pgc). pgc is a global transcriptional silencer that targets
the transcriptional elongation machinery of RNA polymerase II (Rangan et al., 2009). Pgc
expression during early Drosophila embryogenesis is critical for germ cell specification and loss
of pgc results in premature transcription of somatic genes, ultimately leading to a loss of
germline fate. Alternatively, we have reported that Pgc is also expressed for a short pulse in the
CB during oogenesis. This transient expression is required for the timely expression of
differentiation factor bag-of-marbles (bam), to promote the onset of an efficient differentiation
program. Although Pgc expression is restricted to the earliest stages of oogenesis, its transcript
must be passed on to the developing oocyte. Altogether, these findings indicate that pgc
expression is strictly controlled to specific stages of development, making pgc regulation a
strong model to understand the temporal balance between post-transcriptional control and protein
expression of mRNA.
We previously investigated how maternal RNAs are regulated by characterizing the
translational suppression of pgc mRNA. Preliminary results revealed that the pgc 5’UTR is
required but not sufficient for suppressing Pgc expression in the GSCs, but the, pgc 3’UTR is
required and sufficient to suppress its translation throughout oogenesis (Flore et al., In
Preparation). Moreover, we previously showed that Pum binds to the 3’UTR of pgc and together
with its binding partners Nanos and Twin (CCR4 de-adenylase), represses pgc translation in a
de-adenylase independent manner in the GSCs.
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Here, we built on these previous findings by revealing that the NOT complex, recruited

by CCR4, also regulates Pgc expression in the GSCs and later stages of differentiation.
Remarkably, we also found that loss of me31b and ge-1 in the germline upregulates Pgc
expression in the GSCs. Finally, we show that Me31B associates with pgc mRNA in vivo,
suggesting a complex of translational repressors cooperate to bridge the 5-UTR and 3-UTR in
order to repress pgc.

Materials & Methods
Fly Stocks
Flies were crossed and maintained flies at 25ºC, unless otherwise noted. nosgal4 was
used to drive gene expression in the germ line. We used sco/cyo;UASTkv crossed to nosgal4 to
enrich for GSCs. We used Bam mutant and bamRNAi (Bloomington) to enrich for CB. We
created FUCCI(CyclinB-GFP-E2F-RFP);nosgal4 flies to track the cell cycle in the germ line.
Pgc57:Me31bRNAi , Pgc57;Not1, and Pgc57:Not3 flies were used to study their regulatory
functions.
Immunohistochemistry
Female flies of the desired genotype were placed in vials, fattened using dry active yeast,
and dissected the following day by removing the ovaries from their abdomen. Flies were
dissected inside of phosphate buffer solution (PBS) to maintain osmotic pressure of the ovaries.
The removed ovaries were then placed inside of a microcentrifuge with 500 μL of PBS. The
ovaries were fixed by adding 500 uL of formaldehyde to the tubes and by rotating the tube for 30
minutes. Immunocytochemistry (antibody staining) was then performed; the ovaries were
permeabilzed by removing the formaldehyde and adding 1000 uL of PBS with 2% Tween
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(PBST) and 1% Triton X. After rotating the tube for one hour, the PBS 1% tween was removed
and bovine serum albumin (BSA), diluted in 50 mL PBST (BBT), was added to block
nonspecific receptors for two hours. The BBT was changed at four 30-minute intervals. Primary
antibody was then added after the blocking period by removing the BBT and by diluting the
primary antibody in 250 mL of BBT overnight. The following day, the primary antibodies were
removed and washed with BBT at room temperature for 2 hours at various intervals. Then,
secondary antibody was added using serum from the source in which the primary antibody was
generated. After adding the secondary antibodies, the ovaries were incubated overnight with
rotation and were then washed the next day with 1000 uL of PBST five times in fifty minutes. To
visualize the nuclei and provide a mounting gel, the PBST was removed after the last wash and
DAPI was added. Finally, the ovaries were mounted on a slide and sealed with nail polish. The
germaria were visualized and imaged by confocal microscopy. We present the antibodies used in
Table I.
FUCCI Cell Cycle Analysis by Microscopy
FUCCI;nosgal4/UAStkv and FUCCI;nosgal4/BamRNAi were dissected in ice-cold 1X
PBS. Ovaries were fixed at RT for 30 minutes, keeping the samples covered with aluminum foil
to prevent bleaching. Next, ovaries were permbealized for 1 hour at RT by adding 1% Triton X
and 2% Tween in 1XPBS (PBST) in order to facilitate subsequent DAPI uptake. Next, a drop of
vectashield (DAPI) was added to both samples and mounted in vectashield and imaged via
confocal microscopy.
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Single Cell Isolation
Protease Dissociation of ovaries into cell suspension
10 ml of S-FBS were prepared and kept it on ice. A drop of ice-cold S-FBS was placed
into a glass dissecting dish.  Approximately 200 flies were dissected to isolate their ovaries.
Simultaneously, frozen trypsin and collagenase aliquots were thawed to room temperature. Then
700 μl of dissociation medium were prepared by adding 70 μl of trypsin and 70 μl of collagenase
to 560 μl of PBS at room temperature. Next, PBS was removed from the ovaries, dissociation
medium was added, and the samples were incubated for 15 min at room temperature with
continuous shaking by hand. The ovarian cell suspension was idle for 2 min to allow debris to
settle. 
Filter Ovarian Suspension
A 40-μm mesh cell strainer was placed into a 1.5-ml microcentrifuge tube containing 500 μl of
Schneider’s insect medium supplemented with 10% (v/v) FBS (S-FBS). The cell suspension was
pipeted into the cell strainer, taking care to avoid pipetting the fibrous debris. Next, the emptied
tube was rinsed to collect remaining cells by pipetting 100 μl of S-FBS down the sides of the
tube. The filamentous debris were left to settle before transferring the solution to the cell
strainer. Then, he cell suspension was drawn through the 40-μm mesh by slowly lifting the cell
strainer out from the tube. Subsequently, the remaining cells were washed off the mesh by
filtering 100 μl of S-FBS through the cell strainer and into the tube.  The tube was inverted to
mix, and filter the cell suspension through another 40-μm mesh cell strainer into two 1.5-ml
microcentrifuge tubes, each containing 500 μl of S-FBS. Then, 100 μl of S-FBS were transferred
down the sides of the emptied tube to rinse it and filter the solution into the two tubes mentioned

	
  

16	
  

earlier. Again, 100 μl of S-FBS were filtered through the cell strainer and into the two tubes
mentioned earlier to wash the mesh.
Mount and View Cells

One or two drops of Vectashield were added, and gently lowered to a cover slip over the cells.
Kimwipes were used to remove excess Vectashield and secured all corners or edges of the
coverslip with clear nail polish. Then cells were viewed under a confocal microscope.

Fluorescent Activated Cell Sorting
Single cells were isolated using FACS. The cell suspension volume was increased to 1mL
by adding S-FBS. After sorting, the cells were pelleted by centrifuging at 10,000xG for 10
minutes. The samples were stored at -80 C.
Western Blot
Collected ovaries were mixed with 50 µl of NB Lysis buffer in an eppendorf tube while
on ice. The samples were homogenized using a pestle for 30 sec and then centrifuged at 14,000
rpm for 20 min at 4° C. Then making sure to avoid the upper lipid layer, the supernatant
containing the protein was transferred to a new tube. A Bradford assay was used to determine the
concentration of the extracted protein. A western blot was performed to quantitate the GFP
concentrations from the extracted ovary protein. We used precast BIO RAD “Mini-PROTEAN
TGX Gels” and ran our samples in 10X Running buffer. Samples contained 20 µg of protein, 1X
BIO RAD “Laemmli Sample Buffer”, 2.78% 2-Mercaptoethanol, and dH20 up to 20 µl. Prior to
loading, the samples were incubated for 5 min at 100° C, and then run on the gel for 1 hour at
100 V. Transferring the finished gel onto the membrane involved equilibrating the gel,
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membrane, filter paper, and layered in the following order (from negative to positive): sponge
pad, 2 pieces of filter paper, gel, membrane, 2 pieces of filter paper, sponge pad. Bubbles were
removed by rolling a pipette tip across the top layer before closing the cassette. The transfer was
run in chilled (4°C) 1X Transfer buffer with an ice pack and magnetic stirrer at 100 V for 1 hour.
Membrane was blocked and shaken in a 5% Milk/PBST solution for 2 hours at RT. HA rat
antibody solution was added and shaken overnight at 4°C. Membrane was washed in 0.5% Milk
solution in PBS for three 30 sec washes, two 5 min washes, two 15 min washes, and two 20 min
washes. HRP rat antibody solution was added and shaken for 2 hours at RT before repeating the
washes in PBST. Membrane was submerged in ECL solution for 1 minute and then imaged on
BIORAD Chemidoc MP.
Me31B-GFP Immunoprecipitation Protocol
Buffers
RIPA Lysis Buffer was created by making 500uL allocates consisting of 10 mM Tris-Cl
(pH 8.0), 1 mM EDTA, 1% Triton X-100., 0.1% sodium deoxycholate., 0.1% SDS., 140 mM
NaCl, and1 mM PMSF. Net2 Buffer (Protease Free) was created by making 500uL allocates of
50 mM Tris-Cl (pH 8.0), 150 mM NaCl , .1% NP40. add 1 protease inhibitor pill per 10mL of
solution.
IP Protocol
On day 1 approximately 100 W’1118 flies and 100 Me31B-GFP flies were fattened with
yeast for dissection the next day. Following dissectin of their ovaries in cold 1xPBS and
placement in an RNase-free 1.5mL ependorf tube, the PBS was removed from the tubes. Next,
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ovaries were lysed in 100uL of RIPPA buffer. Then samples were centrifuged at max speed 4
degrees Celsius for 20 minutes. Subsequently, 100uL of protein layer was taken and distributed
equally (50uL) to two ependorf tubes per sample for an IgG negative control and GFP
experimental sample. Next, 2.5uL of αRbGFP and 1uL of 1/10 Rb IgG were added to their
respective tubes. Subsequently, samples were left to incubate with the antibodies at 4 degrees
Celsius for three hours. Ten minutes before the three hour incubation finished, 1:10 Net2 Buffer
(4.5mL RNase.1%DEPC Water + .5mL Net2 Protease Free) was made. Moreover, 85uL of
Invitrogen Protein A beads were added to a new ependorf tube (RNase free). Next, the beads
were washed in 1mL of 1/10diluted Net2 (Protease Free) 4x1min by placing through magnet and
replacing fluid being careful to not disrupt beads. After the last wash, the beads were resuspended in 125uL of Net2 buffer (Protease-free). Next, 25uL of re-suspended beads was added
to each IgG sample and 25uL to each GFP+ sample and left at nutator 4 degree C overnight.
The following morning, 1:10 Net2 Buffer and fresh NET 2 buffer (10mL Protease Free
and 10mL Not Protease Free) were made. Next, all activities were performed in cold room
(4degree C). All samples were washed with 800uL cold 1:10 Net2 Buffer (PI) 5x1min by placing
through magnetic stand and discarding the supernatant. Next, all samples were washed with
1000uL Net2 Buffer (Not Protease-free) 2x1min. Then, all samples were re-suspended in 20uL
of Net 2 Buffer and split equally for RNA and Protein (so 10uL, 8 total samples, 4 for RNA and
4 for protein). Next, the RNA samples were flash frozen in 100uL of Trizol and stored at -80C.
A western blot was then run on the protein samples anti-Rb GFP antibody to confirm pull-down
prior to RNA extraction.
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RNA Extraction, cDNA Synthesis
Transferred tissues to a microfuge tube. Remove the liquid associated with the tissue and
added 100 µl Trizol to the ovaries. Homogenized the ovaries with a pestle and either continued
or stored the homogenate at –80°C. Added 900 µl more trizol. Added 200 µl chloroform and
shook tubes vigorously by hand for 15 sec. Incubated for 2 min at room temperature. Centrifuged
the samples at 13,000 x g for 20min at 4°C. Transferred the aqueous phase (the colorless upper
phase) to a new tube. Avoided transferring the interphase as it contains DNA. Added 2 volumes
of 100% Ethanol, 10% Sodium Acetate, and 1uL Glycoblue. Left at -20C for 3 hours. Then
centrifuged the samples at 12,000 x g for 20 min at 4°C. Removed the supernatant and added 1
ml of 100% ethanol to the pellet. Mixed the sample by vortexing and centrifuge at 7,500 x g for
5 min at 4°C. Removed all of the supernatant, then pulsed the tubes and remove any remaining
supernatant. Left the tubes open for 5 min to dry the RNA pellet. Re-suspended the pellet in 16
µl of RNase (Nuclease) free water. Stored RNA solution at –80°C or used immediately.

Removal of genomic DNA (optional)
To remove DNA from the samples, used the Applied Biosystems (Ambion) Turbo DNAfree kit as follows: added 2 µl of 10X Turbo DNase buffer and then 2 µl Turbo DNase to the 16
µl of RNA prepared above. Incubated for 25 min at 37°C. Added 2 µl of DNase inactivation
reagent. Re-suspended the DNase inactivation reagent by flicking or vortexing the tube before
dispensing it. Mixed and incubate for 5 min at room temperature. Centrifuged at 10,000 x g for
1.5 min and transferred the RNA to a fresh tube. Determined the concentration of the RNA
solution using the Nanodrop.
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First-strand cDNA synthesis
Made cDNA using the Superscript II RT kit from Invitrogen. For each sample set up two
identical reactions except only add one SuperScript II RT. Set up the following reaction in a PCR
tube: RNA 1 to 5 µg, Oligo dT12-18 (500 µg/ml), 1 µl (currently using Oligo dT20 50µM), dNTP
mix (10 mM) 1 µl, and Water (Nuclease free) to 12 µl. Mixed and incubated the mixture for 5
min at 65° C in a PCR machine. Cooled quickly on ice, span briefly to collect the contents of the
tube and added: 5X first-stand buffer 4 µl DTT (0.1 M), 2 µl, and RNaseOUT (40 U/µl) 1 µl.
Mixed the contents of the tube gently, and incubate for 2 min at 42°C in a PCR machine. Added
1 µl (200 units) of SuperScript II RT and mixed by pipetting gently up and down. Incubated for
50 min at 42°C. Inactivated the reaction by heating at 70°C for 15 min. Stored cDNA at –20°C
or proceeded to qPCR using primers for pgc and RP40 (negative control).

Results
Cell-Cycle and Stem Cell Differentiation
As we previously revealed that Pgc alters the cell cycle to promote differentiation, we
asked whether germ line stem cells (GSCs) and stem cell daughter cells, cystoblast (CBs), had
asynchronous cell cycle programs. To test this, we created FUCCI;nosgal4/bamRNAi and
FUCCI;nosgal4/UAStkv flies to count the number of G1, S, and G2 positive cells in enriched
GSCs versus CBs to ascertain that the populations being studied have altered cell cycle
programs. We found that CBs have more G2 positive cells and less G1 positive cells than GSCs
(Figure 1).
Since it is known that Pgc is expressed during the G2 phase of the CB cell cycle, we
asked whether there where cell-cycle dependent transcripts exclusive to the CB transcriptome
versus the GSC program. Subsequently, we successfully isolated single cells from enriched GSC
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and CB populations to sort for future RNA-seq (Figure 2). After optimizing the single cell
isolation step, we proceeded to perform an initial FACS on CB cells. From FACS, we recovered
GFP positive nuclei (G1), GFP + RFP positive (G2) cells, and RFP (S) positive cells (Figure 3).
However, technical challenges prevented us from resolving G2 nuclei from G1 nuclei during our
initial sort (see discussion).
Translational Control of pgc
Our previous observations that Pum, Nos and Twin are recruited to pgc’s 3’UTR to
suppress its regulation the GSCs. However, these translational repressors suppress pgc
indepednely of de-adenylation, suggesting other complexes might involved in regulating pgc
independently of shortening the poly-A tail. Recruitment of CCR4 (twin) de-adenylase to the
3’UTR can result in recruitment of NOT complex consisting of subunits, including NOT1 and
POP2 which are implicated in translational repression. Therefore, we asked whether NOT1 and
POP2 are involved in suppressing pgc. We found that knockdown of not1 resulted in an
upregulation of Pgc in the GSCs (Figure 4). Moreover, knockdown of pop2 resulted in an
upregulation of Pgc in the GSCs as well as later stages of differentiation (Figure 4). These
results suggest that pgc is regulated in a CCR4-NOT dependent mechanism in the GSCs.
Since previous data (Flora et al., In Preparation) suggested that the CCR4-NOT complex
appeared to regulate pgc without shortening its poly-A tail, we asked whether other trans acting
factors are involved in repressing pgc at its ‘5-UTR.’ We therefore tested whether Me31B is
required for pgc regulation in the GSCs. Remarkably, we found that that knockdown of me31b in
the germline upregulates Pgc expression in the GSCs and later stages (Figure 5). Additionally,
we found that knockdown of ge-1 also resulted in Pgc expression in the GSCs and later stages of

	
  

22	
  

differentiation (Figure 5). To determine whether Me31B directly interacted with pgc mRNA, we
performed immunoprecipitation against GFP coupled with qRT-PCR in a Me31B-GFP fly line.
We were able to successfully pull-down Me31B-GFP protein (Figure 6). Using qRT-PCR, we
observed a fold enrichment of pgc associated with the Me31B-GFP pull-down sample,
suggesting that Me31B associates with pgc (Figure 7). Collectively, our data suggests that an
intricate protein complex in the GSCs bridges pgc’s 5’ and 3’UTR ends, masking it from
translational machinery.

Discussion
Cell-Cycle Control of Differentiation
Collectively, by optimizing the FUCCI system, we have developed a powerful tool to
analyze the cell cycle dependent transcriptome landscape of differentiation. Our quantification of
the cell cycle programs in CBs and GSCs is consistent with previous studies, as eukaryotic stem
cells have been known to have short G1 phases in order to avoid differentiation signals from the
surrounding niche that are expressed during G1 (Ohtsubo and Roberts, 1993 and Hsu et al.,
2007). Moreover, we have immunohistochemistry data (not shown) that further supports the
finding that GSCs have less G2 positive cells than CBs, suggesting that GSCs have longer G2
phases, possibly to avoid differentiation cues. We are currently proceeding to optimize FACs
sorting and RNA-seq steps to aid in this endeavor.
Since Pgc is expressed in a G2 phase dependent manner in the cystoblast to promote
differentiation via a pulse of global transcriptional silencing, it is plausible that the data
generated by RNA-seq will show an upregulation of transcripts that promote differentiation
during G2 phase in the CB and the opposite in the GSC (Figure 8). However, this is speculation
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and experimental evidence needs to be gathered to support this claim.
Importantly, although we show that CBs have very few G1 cells, the fact that most of the
CB cells isolated post-FACS were only GFP (G1) positive, suggests that the FACS instrument
could not distinguish between G1 and G2 (RFP+GFP+) cells. To address this, we are reaching
out to other institutions to seek FACS expertise. Furthermore, we are exploring whether coupling
FACS with antibody staining using Vasa, RFP, and GFP markers can ameliorate the sorting
efficiency.
Alternatively,

if

our

FUCCI-based

approach

for

cell-cycle/cell-type

specific

transcriptome profiling is unsuccessful, we have already begun considering different methods.
For instance, the Method for Analyzing RNA following Intracellular Sorting (MARIS) has been
described as an efficient technique to gain high quality RNA following FACS sorting. In
specific, researchers isolated high quality RNA from embryonic stem cell-derived insulinexpressing cells following crosslinking, staining, intracellular sorting, and de-crosslinking
(Hrvatin et al., 2014). However, whether this method works to generate high quality RNA from
our in vivo system remains unexplored. To test this, once stain GSCs for cell-cycle and germ line
specific markers, sort them via FACs, reverse-crosslink the cells, isolate RNA from each
population, and determine the quality of the RNA via BioAnalyzer or traditional gel
electrophoresis. If successful, our genome wide and cell cycle specific approach may help
identify both why the GSC and CB cell cycle program are asynchronous, and how cell cycle
regulation is harnessed to alter the transcriptome landscape of differentiation.
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Translational Control of pgc mRNA
In all, here we show that the NOT complex, recruited by CCR4, regulates Pgc expression

in the GSCs and later stages of differentiation. Furthermore, we reveal that loss of me31b in the
germline upregulates Pgc expression in the GSCs. Lastly, we demonstrated that pgc mRNA
associates with Me31b in vivo, suggesting that a myriad of translational repressors cooperate to
repress an mRNA by bridging both its UTRs (Figure 9).
Previous results have revealed that the translational repressor pum, along with its binding
partners nanos and the twin (CCR4) de-adenylase, binds to pgc’s 3-UTR to suppress pgc
translation in a de-adenylase independent manner (Flora et al., In preparation). Therefore, our
finding that RNAi-mediated knockdown of pop2 in the germ line causes pre-mature pgc
expression is consistent with previous work demonstrating a role for the subunit in suppressing
mRNAs in a de-adenylase independent mechanism (Cooke et al., 2010). However, western blots
against PgcHA must be performed to verify an increase in pgc reporter expression in not1 and
not2 knockdowns. Moreover, a role for other NOT subunits such as NOT3 should be explored to
understand their function. We did not probe this as our not3 knockdown in the germ line caused
severe germ-line defects, obscuring our abilities to visualize pgc expression (data not shown).
Our work demonstrating Me31B’s role in the translational regulation of pgc is consistent
with previous work in the field of RNA translational control. For instance, previous work has
shown that Me31B associates with P-bodies to repress RNAs in Drosophila embryos (Weil et al.,
2012). It is possible that Me31B facilitates pgc sequestration into P-bodies, although this remains
unexplored. However, the finding that he CCR4-NOT complex regulates pgc expression in a deadenylase independent mechanism most likely through Pop2 suggests that this subunit may
recruit translational repressors such as Me31B and Ge1 to enhance de-capping and facilitate
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translational suppression. Our genetic loss of function experiments of Me31B and Ge-1 in the
germ line supports this possibility by highlighting the importance for regulation at the 5-UTR.
Moreover, our result that Me31B-GFP associated with pgc mRNA also corroborates this
possibility. However, it may be necessary to use a Me31B antibody to pull-down endogenous
Me31B to see if the results are similar or due to GFP stickiness to pgc. Additionally, if Me31B
and POP2 are acting through the 5-UTR, then pulling-down any of these two in a construct that
lacks the endogenous pgc 5-UTR but has its 3-UTR intact should result in a loss of association,
thereby revealing a loss of translational control in the GSCs. Finally, to assess whether there is a
direct binding interaction with Me31B and the CCR4-NOT complex, it may be necessary to
perform pull-downs probing whether these proteins associate together.
Collectively, our work here sheds light on how a highly abundant maternally deposited
mRNA remains under strict translational regulation during development, implicating that other
maternal mRNAs may be controlled in a similar fashion.

Tables
Antibody

Concentration

Area Marked

Ch Vasa

1:1000

Germ line

Rb GFP

1:1000

GFP

Mo 1B1

1:20

Spectrosomes, Fusome

Table 1- List of Antibodies Used for Immunohistochemistry

	
  

26	
  

Figures

	
  

27	
  

	
  

28	
  

Figure	
  4-‐pgc	
  is	
  suppressed	
  in	
  a	
  CCR4-‐NOT	
  dependent	
  mechanism	
  in	
  the	
  GSCs	
  
Knockdown of not1 resulted in an upregulation of Pgc in the GSCs, as indicated by an increase in GFP (Top). Moreover,
knockdown of pop2 resulted in an upregulation of Pgc in the GSCs as well as later stages of differentiation, as indicated by
an increase in GFP (Bottom). These results suggest that pgc is regulated in a CCR4-NOT dependent mechanism in the
GSCs. See table 1 for list of markers used.
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Figure	
  -‐5	
  Translational	
  control	
  of	
  pgc	
  at	
  the	
  5’UTR	
  
Swapping the endogenous 5-UTR of pgc with an unregulated nanos 5’UTR resulted in an upregulation of pgc in the GSCs,
suggesting pgc 5UTR is important for its translational suppression (Top). RNAi-mediated reduction of me31b in the
germline resulted in an upregulation Pgc expression in the GSCs (Middle). Reduction of ge-1, the Drosophila homolog to
Enhancer OF mRNA Decapping 4 (EDC4), causes an upregulation of pgc in the GSCs as well as later stages of
differentiation (Bottom).
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Figure	
  6-‐Successful	
  immunoprecipitation	
  of	
  Me31B-‐GFP	
  
Western	
  blot	
  using	
  anti-‐GFP	
  antibodies	
  show	
  that	
  when	
  compared	
  to	
  the	
  negative	
  controls,	
  there	
  is	
  an	
  enriched	
  
band	
  at	
  ~78KDa	
  in	
  the	
  Me31B-‐GFP+	
  sample,	
  suggesting	
  the	
  pull-‐down	
  was	
  successful.	
  

Figure	
  7-‐Me31B	
  associates	
  with	
  pgc	
  mRNA	
  
Following immunoprecipitation, RNA extraction, turbo-DNase treatment, cDNA synthesis, and qPCR relative
amplification using primers for pgc coding sequence were performed. Oskar was used as our positive control. When
compared to the WT controls, there was an enrichment of pgc and oskar in the Me31B-GFP immunoprecipitated sample.
N=3 biological replicates, p<.05.
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G2

Figure	
  8-‐Analyzing	
  the	
  Cell	
  Cycle-‐Dependent	
  Transcriptome	
  Landscape	
  of	
  Differentiation	
  
	
  

Figure	
  9-‐pgc	
  mRNA	
  is	
  suppressed	
  in	
  a	
  CCR4-‐NOT-‐Me31B-‐Ge-‐1	
  dependent	
  mechanism	
  in	
  the	
  GSCs	
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